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FOREWORD

This evaluation was conducted by the Westinghouse Astronuclear Labora-
tory under NASA contract NAS 3-2540, Mr. P. E. Moorhead, of the Lewis
Research Center Space Power Systems Division, was Project Manager for the
program. Mr. G. G. Lessmann was responsible for performance of the pro-
gram at the Westinghouse Astronuclear Laboratory.

The objectives delineated and results reported herein represent the re-
quirements of Task VI of contract NAS 3-2540. Additional comprehensive in-
vestigations which were conducted as a part of this program are the subjects
of additional reports. The final reports for this contract are the following:

I - Weldability of Refractory Metal Alloys (CR-1607) ‘
I - Long-Time Elevated Temperature Stability of Refractory Metal
Alloys (CR-1608)
III - Effect of Contamination Level on Weldability of Refractory Metal
Alloys (CR-1609)
IV - Post Weld Annealing Studies of T-111 (CR-1610)
V - Weldability of Tungsten Base Alloys (CR-1611)

Additional salient features of this program have been summarized in the
following reports:

G. G. Lessmann, '"The Comparative Weldability of Refractory Metal
Alloys, ' The Welding Journal Research Supplement, Vol. 45 (12),
December, 1966.

G. G. Lessmann and R. E. Gold, ""The Weldability of Tungsten Base
Alloys,'" The Welding Journal Research Supplement.

D. R. Stoner and G. G. Lessmann, ""Measurement and Control of Weld
Chamber Atmospheres,'" The Welding Journal Research Supplement,
Vol. 30 (8), August, 1965,

G. G. Lessmann and D, R. Stoner, '"Welding Refractory Metal Alloys
for Space Power System Applications,' Presented at the 9th National
SAMPE Symposium on Joining of Materials for Aerospace Systems;
November, 1965.

iii




10 Torr Vacuum

D. R. Stoner and G. G. Lessmann, "'Operation of 10~
Heat Treating Furnaces in Routine Processing, ' Transactions of the
1965 Vacuum Metallurgy Conference of the American Vacuum Society,

L. M. Bianchi, Editor.

G. G. Lessmann and R. E. Gold, '"Thermal Stability of Refractory
Metal Alloys'', NASA Symposium on Recent Advances in Refractory
Metals for Space Power Systems, June, 1969.

D. R. Stoner, "Welding Behavior of Oxygen Contaminated Refractory
Metal Alloys,'" Presented at Annual AWS Meeting, April, 1967.
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1. INTRODUCTION

This report summarizes results of weldability studies sponsored by the National
Aeronautics and Space Administration, Space Power Systems Division. These studies comple-
ment a series of programs designed to upgrade refractory metal technology in terms of space
power system requirements. Contemplated systems would provide either direct conversion of
thermal to electric energy as with thermoelectric or thermionic devices or mechanical con-
version using Rankine or Brayton cycles. The major design objective of high thermal efficiency
with minimum system weight is approached by designing for maximum operating temperatures.
Application of tungsten or tungsten alloys seems to offer the ultimate potential in this respect
because tungsten has the highest melting point of all metals, 6170°F. On the negative side,
tungst.en has a ductile-to-brittle transition temperature which is well above room temperature
for recrystallized or cast (weld) structures. Hence, considerable reserve must be exercised
in the application of this metal in fabricated structures typical of those required for space

power systems.

This weldability study was designed to lend further definition to the general problems
which would be encountered in fabrication of tungsten, or tungsten alloy structures by
welding. Stimulus for this evaluation was provided by the introduction of alloys of improved
ductility such as the binary W-Re or ternary W-Re-Mo alloys. Further, techniques to convert
these alloys from arc cast ingots have been recently developed. Arc cast material has
historically demonstrated greater fabricability than powder metallurgy product. Hence, the

availability of arc cast material provided an additional incentive for initiating this welding

study.




The basic objective of this program was to define the weldability of tungsten and
its alloys in terms comparable to those employed in evaluating other refractory metal alloys
(Cb or Ta based) which are prime candidates for space power system applications.(]) The
alloys of current interest in this respect are W-25w/oRe and W-25Re-30Mo (a/0). These
were evaluated for the first time in this program as material converted from arc cast ingots
along with arc cast unalloyed tungsten. The ternary alloy was also evaluated as a powder

metallurgy product. The primary factors evaluated were:
‘e Basic weldability of sheet material using the gas tungsten arc and
electron beam processes.
° The effect of weld atmosphere control on basic weldability.

° The effect of weld preheat to 1400°F.

. The importance of joint preparation.
) The effect of post weld annealing.
° The effect of long time-high temperature thermal exposure.




ll. TECHNICAL PROGRAM

ALLOYS

The unalloyed tungsten and the tungsten alloys evaluated in this program are listed

below along with their respective melting points and densities.

Melting Point (°F) Density (lb/in3)
Unalloyed Tungsten 6170 0.697
W-25w/oRe” 5650 0.714
W-25Re-30Mo (a/0)** 5270 0.651

The unalloyed tungsten and the binary tungsten-rhenium alloy were evaluated solely as
arc-cast (AC) sheet while the ternary tungsten-rhenium-molybdenum alloy was evaluated
both as arc-cast (AC) and powder-metallurgy (PM) sheet. Evaluation of arc cast material
was emphasized because initial welding results on unalloyed tungsten showed that porosity
free welds could only be made in arc cast material. Further, the general trend in refractory

metal technology has historically been towards arc cast material for higher purity and

greater fabricability.

The phase diagrams pertinent to these alloys are shown in Figures 1, 2, and 3. In
Figure 3 the 1830°F (1000°C) isotherm for the W-Re-Mo ternary is shown. The location of
the alloy composition used in this study is indicated. From these diagrams it is seen that both

the binary and ternary alloys are nominally single phase but lie quite near the limiting solvus

lines,

The binary W-Re and Mo-Re diagrams are quite similar. From the standpoint of
weldability however, a very important difference exists. W-Re alloys with compositions in

the a-phase region would be expected to be subject to considerably more constitutional

*Designoted W-25Re hereafter.

“*The conventional designation of this alloy is given in a/o and will be used in that way throughout
this report. The composition in w/o is W-29.5Re-18.2Mo.

3
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FIGURE 1 - Tungsten-Rhenium Phase Diagram (Ref. 2)
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segregation than would similar Mo-Re alloys. This follows from a direct comparison of the
temperature range through which the metal must cool as it solidifies. Freezing point depression
of the binary W-Re alloy would be expected to be pronounced in rapidly solidified cored

weld structures. These phase relationships imply that the W-Re-Mo system should experience
considerably less segregation than the binary W-25Re alloy. This is based on the very

narrow liquidus-solidus separation in the binary Mo-Re alloy for the ternary solute ratio

¢~60%Re). Data presented later in this report tends to substantiate this expectation.

The interest in the binary W-Re alloy results from the well-known but poorly undes-
stood "rhenium ductilizing effect." This effect is not limited to W but has also been seen
for Re additions to the other Group VIA metals, molybdenum and chromium. A recent review

(5)

of this effect by Klopp'™’ indicates the general lack of understanding of the mechanism(s)

involved. Based on experimental evidence several conclusions seem indicated:

) Re additions to Group VIA metals such as tungsten promote twinning as
a major means of deformation. This implies a significant reduction in
the normally high stacking fault energy of these metals.

) Some change in the morphology and/or distribution of interstitial
compounds, particularly oxides, occurs. This would appear to be
important since Sfephens(é) has shown that the DBTT for pure W rises
rapidly with oxygen content, the fractures being invariably inter-
granular,

The ternary W-Re~Mo alloy is a more recently developed mafericll.(4) Molybdenum
additions to the W-Re binary alloys are attractive for several reasons. The ternary, with
molybdenum replacing tungsten, is less expensive to produce and has a lower density than
either W or W-Re binary alloys. However, the melting point is considerably lower and as a result
the long-time high temperature strength is somewhat less than that of the higher melting

binary alloys.




The short time strength properties determined for the ternary alloy are compared with
typical values for arc cast tungsten and W-25Re in Figures 4 and 5. Data relating the
corresponding tensile elongations are listed in Table 1. Up to 3000°F, the highest test

temperature used, the differences are not very significant but for higher temperatures it is

PRy T

e
L PR T Nd . . [} L e | s
xpected the ternary alloy would not continue to be competitive with the higher melting

[¢)

W-25Re and unalloyed tungsten.

Bend ductility (4t bend radius) of the as-received alloys is shown in Table 2 along
wi’rh. notes regarding the as-received structures. Interstitial chemical analyses are provided
in Table 3. It is important to note that all of these metals have quite low solid solubilities
for the interstitial elements. Hence, segregation of interstitials often occurs at grain
boundaries and other regions of high disregistry in the lattice. This resultant segregation
is thought to be responsible, in part, for the characteristic grain boundary~nucleated fractures

so prevalent in these materials.

An unambiguous definition of the factors which control brittleness in tungsten and its
alloys has not been achieved. However, it is well known that wrought, stress-relieved
structures possess significantly greater ductility than that of recrystallized structures. This
advantage has led to the widespread use of tungsten-base materials in the wrought, stress-
relieved condition. This is the reason the materials used in this study were stress relieved
rather than recrystallized. The influence of structure on ductility adds importance to the
aging studies which were conducted to assess the effects of long time-high temperature

thermal exposures on structural stability.
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TABLE 1 - Tensile Elongation Data for Tungsten-Base Alloys ,

Percent Elongation in 1 Inch Gage Length

Alloy 2000°F 2600°F 3000°F
AC Tungsten 12 23 30
AC W-25w/0oRe 5 16 30
Base 54 36 33
PM
W-25Re-30Mo EB 33 26.5 25
(a/0)
GTA 37 23.5 18
AC Base 9 32 79
W-25Re -30Mo
(a/0) EB 15 17 61

All base metal data for wrought, stress-relieved sheet.

11




TABLE 2 - Base Metal Bend Ductility

METAL/ALLOY

4t BEND DBTT

AS-RECEIVED
CONDITION

AC TUNGSTEN
AC W-25Re (w/0)
PM W-25Re-30Mo (a/o)

AC W-25Re-30Mo (a/0)

LONG. | TRANS.
425°F 275°F
~200°F -75°F
-150°F -50°F
<-320°F | -250°F

S.R. 1 HR. - 1700°F
S.R. 1 HR. - 2550°F
S.R. 1/2 HR. - 2100°F

S.R. 1/2 HR. - 1920°F

~ All as-received material was in the wrought condition.

12
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An interesting feature of the interstitial analyses of Table 3 is that, for the ternary
alloy, the oxygen and nitrogen contents of the PM product are lower than those of the AC
product. This is contrary to the normal relationship and reflects the fact that this alloy
was originally developed as a PM product and evolved from a program which had as one
of its major goals the development of techniques for cbtaining extremely low interstitial
impurity levels in tungsten and molybdenum alloy powders. The data in Table 3 attest to
the efficiency of these procedures. A similar comparison was not made for metallic impurities

but it is expected these would be somewhat lower in the AC sheet by virtue of the purifica-

tion which occurs during vacuum arc melting.

14



ALLOY WELDABILITY

Basic Considerations. Weldability of tungsten and tungsten alloy sheet was investigated

by evaluating responses to electron beam and gas tungsten arc welding over a wide para-
meter range. This approach provides a delineation of alloy sensitivity to processes variations

and a definition of weldability limitations.

The primary welding variable in this respect is welding speed. Weld speed is the
controlling factor in unit weld length heat input for achieving a given target weld size as
shown graphically in Figure 6. The significant effect of weld speed is obvious in this figure.
Heat input is nearly a function of 1/v or the dwell time of the arc. At slower speeds a small
decrease in speed causes a large increase in heat input consequently increasing the magnitude
of the thermal disturbance. This effect would seem to be most important from a metallurgical
standpoint. On the other hand, higher weld speeds can be considered to represent a greater
thermal shock. In some materials the magnitude of the thermal disturbance plays the most
significant role in establishing weldability limitations while in others thermal shock is the
overriding consideration. Due to the brittle nature of the materials evaluated in this program,

thermal shock played a more important role in defining weldability.

Electron beam welding provides a minimum sized weld and hence minimum heat input
throughout the we'ding speed range. This is also shown in Figure 6. Frequently, minimizing
weld size is beneficial in improving weld properties, but like higher speed GTA welding,
minimizing heat input characteristically increases thermal shock. Again, this proved to be
important in welding tungsten alloys as described later in this report. Hence, by employing
both the GTA and EB welding processes in this study, extremes of both the thermal disturbance

and thermal shock effects of welding were evaluated.

15
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A further interesting feature of the heat input requirements developed in this program
is the decrease in heat input for the higher solute content alloys (also lower melting point
alloys). Hence, while the advanced tungsten alloys were developed for improved ductility
alone, from a welding standpoint both improved ductility and lower thermal shock can
potentially combine in these alloys for improved weldability. Decreased thermal shock in
the alloys results from the lower heat input requirement (at a given weld size and welding
speed) coupled with the lowered melting point. This combination decreases the instantaneous

thermal gradient during welding.

Welding Procedures. All gas tungsten arc welding was conducted in a very pure,

precisely controlled, helium environment employing the vacuum purged weld chamber shown
in Figure 7. The welding atmosphere was monitored during welding so that oxygen and
moisture levels were always maintained at less than 5 ppm. The method of achieving and
maintaining these purity levels was described in detail in previous p0pers.(]'7) During

this investigation the importance of providing a high quality welding atmosphere for welding
tungsten alloys was demonstrated. This aspect is discussed under the heading of "Hot Tearing"

in the Results section of this report. All gas tungsten arc welding was accomplished using

straight polarity DC current.

Electron beam welding was accomplished using a Hamilton Zeiss 2 KW-150,000 volt
welder. A vacuum of 10-5 torr or less was employed for welding. Basic process variables
evaluated included selected beam deflection patterns and clamp spacing as well as welding

speed.

Either butt welds or bead-on-plate welds were used in this study. Geometric effects
in welding narrow specimens dictated that most of the welds produced in this evaluation be
bead-on-plate welds to conserve material. Hence, results in the weld evaluation are largely
independent of joint preparation. However, the effect of joint preparation on the soundness

of welds was separately evaluated.
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Weld Preheat. As described above, the general philosophy pursued in welding these
alloys was that of treating the welding process as a thermal disturbance, the time~temperature
relations of which are controlled by the weld parameter selection. Thermal shock proved to
play a significant role in defining weldability of tungsten and its alloys. Consequently,
weld preheat up to 1400°F was introduced as a variable info the welding study. Since
1400°F appeared to be above the ductile-to-brittle transition temperatures of both base and
weld metal, preheat was selected as a means of providing increased flexibility in weld para-
meter selection. The preheat fixture designed for this purpose is shown in Figure 8. This
fixture was designed for sheet welding. The weld specimen is held in place with clamp
down bars containing molybdenum inserts. The back-up bar is also of molybdenum. The
fixture heater is located in a cavity behind the molybdenum back-up bar. Clamp bars,
back-up bar, and heater support are insulated from the bulk of the heater so that a maximum

specimen temperature of 1500°F can be achieved.

Post Weld Annealing. Post weld annealing was evaluated as a means of improving

ductility of welds for all the material evaluated. Annealing was accomplished in diffusion
pumped vacuum furnaces at a vacuum of <5 x 10_5 torr and temperatures between 2500°F

and 3200°F. Holding times of 1 hour were employed for all anneals.

Thermal Stability. The thermal stability of welds in both powder metallurgy and arc

cast W-25Re-30Mo was determined by aging for 1000 hours in ultra-high vacuum furnaces
at temperatures of 2600, 2800, and 3000°F. The sputter-ion pumped furnaces used for this
purpose are shown in Figure 9. These units are capable of maintaining <1 0_8 torr pressure
at temperature. Pressures tend to continually decrease during aging runs such that final

-9
pressures are ~10 ° torr.

19




FIGURE 8 - Sheet Welding Fixture Used OFor Welding Tungsten-Base
| Alloys with Preheat to 1400°F
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Weld Evaluations. All welds made in this program were checked for basic quality

using visual, dye penetrant and radiographic techniques.

The primary mechanical method of evaluation was bend testing using a 4t bend radius
(11% outer fiber strain). Bend testing was used to define the bend-ductile-to-brittle
transition temperature for weld specimens taken in both the transverse and longitudinal
directions. The bend test parameters and specimen orientations are defined in Figure 10.
Transverse specimens were oriented for bending with the weld axis at a slight angle to the
punch axis to assure the entire weld transverse cross section would be subjected to bending
rather than merely the weakest areas. Load-deflection curves were generated during each
bend test and bending was terminated when crack initiation was indicated by an abrupt
load decrease. This permits measuring, or calculating, the bend angle achieved at the
moment of crack initiation as well as identifying the location of crack initiation. Normally
four specimens are required to define a transition temperature. Bend test data are recorded
graphically as shown in Figure 11. This method of presentation identifies all the pertinent
data including crack location and extent of crack propagation for each specimen as well as
the transition curve defined by the bend angle achieved as a function of temperature.
Longitudinal and transverse curves are coded for presentation on the same graph. Bend
testing was conducted at temperatures up to IOOOOF, the test fixture operating limit. Some
anomalous results were noted when the rhenium containing alloys were tested in air above
600°F. This was attributed to the tendency of rhenium to form low melting oxides demon-
strating that an inert shield gas should be employed in bend testing these alloys. The
expanded discussion of this general problem is included in the discussion of results under the

heading of "Hot Tearing."

A restricted amount of tensile testing was conducted using longitudinal GTA and EB

weld specimens and base metal of the W-Re-Mo alloy. This data was presented in Figures 4

and 5. Tensile tests at elevated temperatures were conducted at strain rates of 0.05 in/in/min

22
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while room temperature tests were run at 0.005 in/in/min to the 0.6% offset yield point and
then at 0.05 in/in/min to failure. Weld specimens were ground flat and parallel. A 1.000
inch long by 0.250 inch wide gage length was employed.

Specimen Preparation. The tungsten alloys did not lend themselves to convenient

specimen blanking because of generally poor ductility. As a result weldment specimen
blanking throughout this program was accomplished by electro-discharge machining.
Following welding, bend and tensile specimens were blanked using a wet cut-off wheel.
Tensile specimens and butt joint edges were finish machined by grinding. All specimens
were pickled before welding, annealing, aging or testing above 1000°F. All other specimens
(bend) were degreased prior to testing. Selection of the pickling procedures is discussed

in theResults section of this report since proper pickling techniques are necessary to avoid

excessive weld porosity.
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I1l. RESULTS AND DISCUSSION

The complete results of the basic weldability study for unalloyed tungsten and for the
arc cast W-25Re alloy are presented in one of the companion volumes of the final report series
on Contract NAS 3-2540 (]). Hence, the complete weld parameter records for these materials
are not repeated in this section but are rather included in the Appendix. For the sake of con-
sistency and convenience in reading the weld parameter data for all alloys under discussion are

presented in the Appendix in tabular form along with complete bend test data plots.

BASIC WELDABILITY

Weld parameters, weld inspection results, and bend transition temperatures for
all welds produced in screening the four materials for basic weldability are summarized
in Tables 4 and 5. All the variables investigated are indicated. Extreme care was
taken to hold all other possible varidbles constant. This included electrode configuration,
arc gap, shielding gas, edge preparation and clamp spacing in GTA welding, and beam

focus and voltage in EB welding.

Weld size was treated as a general variable in GTA welding and target weld
sizes were selected. Since any particular application would require a particular weld
size, and since heat input is a function of weld size, size was considered an important
metallurgical variable. In electron beam welding, however, weld size (width) is a much
more independent variacble which is usually held as small as possible. Hence, EB weld
size was not treated as a practical veriable, Clamp spacing was treated as a variable

in EB welding but was held constant in GTA welding.

EB welding speeds were higher than those used for GTA welding as is normal.
Although higher weld speeds were attempted in GTA welding,the lower speeds were
necessarily favored in an effort to increase the probability of obtaining sound welds.
Hence, the indicated parameters reflect a chronological adjustment of the original

plan which was sensibly altered as the evaluation proceeded.
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Unalloyed W-25Re W-25Re -30Mo W-25Re-30Mo
Tungsten {w o) (a/0) (a o)
(Arc Cast) (Arc Cast) (Powder Metallurgy) (Arc Cast)
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sleslesl s 8s|les slwsles s -5l s
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. P n." S a - o La}l Ta a g~ a a al] <
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L 1000 § 1800
® | L TRE O o
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3| <5 o o
gL Lsso fLaso §
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2l 8 30 L700 L>10c0 > 1000 § L500 1350
S 35 I L400 W L550I
1®
45 LT 800
3.0
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s2lus 1000 JL>1000 L450
3| %o
3| g 25
z| B e
AR [0 e Jo [o
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gy L,T800 1>1000
S 35 I
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o Sound Weld 4t Bend Transition Temp. in °F indicated

for long. (L) and trans. (T) bends.
O Defective Weld

TABLE 4 - GTA Weld Parameter Evaluation
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I |
W-25Re-30Mo (a/0)
Direction
of Powder Metallurgy Arc Cast
60 Cycle
Beam Unalloyed - -
Weld Deflection, Tungsten W-25w/oRe ° E o- _§
Speed, 0.050" (Arc Cast) (Arc Cast) VA =2
ipm Amplitude No Preheat No Preheat & &
o |o [®L400
Transverse L<1000 5100
@L400
15 Zero 1>100
DicsodO 1,7 |®Leo0 [OO® §® 200 ®150
Longitudinal 721000 | >1000 §721000 |L500 J T600 1550
g} T1>1000
@ 000 |0 ® (] [
o L450 L200 fL275 fLis0 Quiso | Lizs
25 Longitudinal 7>1000 7500 | 71500 | 7600 f 1250 | Ti50
pe—
L, T |®L400
Zero 21000 | 721000 _
50 o Leoo [®@1,7 JOL225 [®L200 [®L250 [OLis0 I‘uso
Longitudinal T>000] 600 QT 500 | T600 | T600 | 1250 | 1200
Zero
100 ©®500 [®,7
Longitudinal T>1000} >1000
[ Defective Weld Y| 1/2 §3/32 ) 1/4 3/8 3/16 | 3/8

@® Sound Weld

Clamp Spacing, In.

4t Bend Transition Data in °F indicated for Transverse, (T), and Longitudinal, (L), Test Specimens

TABLE 5 - EB Weld Parameter Evaluation
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Weld No. 1
Speed - 15 ipm
2.98 Kilojoules/inch

Weld No. 4
Speed - 15 ipm
3.24 Kilojoules/inch

Weld No. 7
Speed - 50 ipm
1.19 Kilojoules/inch

Weld No. 10
Speed - 15 ipm
3.12 Kilojoules/inch

Weld No. 11
Speed - 50 ipm
1.30 Kilojoules/inch

Weld No. 12
Speed - 100 ipm
0.76 Kilojoules/inch

FIGURE12- Typical Dye-Penetrant Results of Electron Beam
Welds in Arc Cast Unalloyed Tungsten Sheet
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FIGURE 13 - Typical Section of Electron Beam Weld in Unalloyed Tungsten
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The types of defects which occurred varied considerably for the four alloys:
Arc cast unalloyed tungsten welds failed apparently as a result of brittleness
and hence inability to accommodate weld stresses. EB welding produced the
most dramatic failures which included delamination of adjacent base metal
as well as transverse cracks and fractures, Figures 12 and 13, The EB
delaminations are apparently the result of the high thermal shock developed
in this welding process. High preheat (1400°F) improved GTA weldability
particul orly as indicated by the ability to produce larger welds ot higher
speed. Weld fractures of the type indicated were the only types of defects

detected in welding unalloyed tungsten,

Arc cast W-25Re, like unalloyed tungsten was GTA welded with difficulty. How-
ever, it was readily EB welded. GTA welding became increasingly difficult with
higher welding speeds. Transverse arrested cracks (weld and heat affected zone
only) occurred in one 15 ipm weld and in three 30 ipm welds. One 7.5 imp weld
contained a centerline crack which may have been a hot tear. Such cracks were
also observed in welding a circular bead-on-plate patch test specimen in this
dlloy. The 1400°F preheat proved advantageous in this respect with only one
short starting tear developing in a 15 ipm weld. There was no need to evaluate

preheat for EB welding of this alloy because of the excellent weldability displayed.

The powder metallurgy W-Re-Mo dlloy displayed excellent weldability using both
the GTA, Figure 14, and EB welding processes with only one minor starting crack

occurring in one GTA weld.

The arc cast W-Re-Mo behaved in a very anamolous manner by hot tearing, Figure
15, and developing transverse cracks during GTA welding. Although EB welding
was satisfactory, this material was essentially unweldable by the GTA process.

This was unexpected and this problem was given special attention as discussed fater,
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FIGURE 14- Bead-on-Plate GTA Welds on 0. 030 Inch Powder
Metallurgy W-25Re-30Mo Alloy Sheet

32




123yg Aoj|y OWOE-3YGZ-M 450D 21y YdaU| OE0

0 YO PI3M V19D 2ip|d

Uo-ppag uo ipd] 4op |po1dA|

gL NSO

33




SUPPLEMENTAL WELDABILITY RESULTS

The other important features of basic weldability evaluated in this program are
discussed below. These included the effect of weld parameters on as-welded ductility,
the effect of weld preheat, the effect of post weld annealing, a comparison of edge

preparation methods (pickling solutions) and porosity in arc cast vs. powder metallurgy W-Re-

Mo qlloys.

® The effect of weld parameters on the ductility of welds as measured by the
bend transition temperature has been summarized as part of the basic
weldability data in Tables 4 and 5. Bend test results were carefully reviewed
but no correlation was established based on a thermal response analysis as
previously accomplished using a similar approach for evaluating columbium base

(1)

alloys' "/, In this study failure to achieve a satisfactory correlation is ascribed

to the nominal variability of properties associated with the brittleness and/or

hot tear sensitivity of these materials. From a statistical standpoint these materials
can be expected to behave inconsistently, Hence, a much greater sample

is required to achieve a meaningful correlation than required with readily

weldable materials,

The variation of weld preheat, like the other weld parameters, was ineffec-
tive in demonstrating a definite trend in controlling as-welded ductility.
However, as previously described, preheat was very instrumental in
improving weldability (i.e., preheat enhanced flexibility in terms of
insensitivity of weld quadlity to variation of the conventional welding

parameters), This advantage was realized most effectively with the 1400°F

preheat.

Preheat is not required for GTA welding W-25Re-30Mo if the welding
characteristics of the powder metallurgy alloy can be consistently realized.

On the other hand, not even preheat was beneficial in GTA welding arc
cast W-25Re-30Mo.



Alloy

Structure

Weld
Preheat

1 Hour
Anneal

Change in 4t
Bend Trans. Temperature

Lowest
DBTT
o)

Temp.,oF F (1) F

w GTA Weld None 2560 +100 (L) 700
W GTA Weld 550°F 2560 -100 (L) 900
W GTA Weld _ None 2260 Ingregsed (L) Z00
W-25Re GTA Weld 550°F 2560 +200 (L) 800
3-550°F Increased Ductility
W-25Re 4 GTA Welds 1 -None 2560 Implied 800
1-550°F Decreased Ductility
W-25Re 4 GTA Welds 3-None 2560 Implied 800
W-25Re 3 GTA Welds 1400°F 3270 -400 Max. (L&T) 600
}_mm; GIA Weld 1400°F 3270 Questionable 1000
W-25Re }1 EB Welds None 2560 =500 Max, (1) 500
W-~Re-Mo GTA Welds None 2400
(M) 2800 -50 to -100 (L) 350
W-Re -Mo GTA Weld None 3200 +25 (L) 425
(PM) .
2400 =25 (L) | (T), No (L) 175
W-Re -Mo EB Welds None 2800 ->25(L) Change (T) 400
(PM) 3200 +25 (L)
W-Re-Mo Base Metal - 2800 1125 (L) -150
(PM) 1175 (1) -75
. 2400 +50 (L) +200(T) (L) 150
W-Re-Mo EB Welds 1400 F 2800 +50 (L) +250(T) (T) 200
(AC) 3200 +100 (L) +250(T)

(1) Bend Type: (L) Longitudinal, (T) Transverse

(2) DBTT for annealed or unannealed, whichever is lower

TABLE 6 - Post Weld Annealing Results
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Preheat is not beneficial for EB welding the tungsten alloys but is probably
necessary for EB welding unalloyed tungsten and is preferred for GTA
welding tungsten. Preheat for GTA welds in W-25Re is necessary only with
high welding speeds,

post weld annealing as a method of improving as-welded
ductility is summarized in Table 6, Undlloyed tungsten wos evaluated with
a 1 hour 2560°F GTA weld stress relief only without realizing any benefit.
The same anneal on W-25Re was quite effective for EB welds but ineffectual
for GTA welds. This was interpreted os indicating that a stress relief of EB
welds is desirable. This also indicated that residual stresses are not the
controlling factor in GTA weld ductility impairment. However, W-25Re

GTA weld ductility was improved with a 3270°F anneal, This temperature

was selected for solution of non-equilibrium sigma phase which could be
responsible for ductility impairment, Even though sigma phase was not
detected metallographically, its presence as a continuous or semi-continuous
grain boundary or intercellular film in welds can be inferred from the
intergranular nature of the fracture observed and from the improved ductility

realized with the high temperature anneal.

Powder metallurgy W-Re-Mo welds were improved by annealing in the stress
relief and potentially sigma forming range, 2400 and 2800°F, but not in the
recrystallization-sigma solution range, 3200°F. Hence, development of sigma
phase did not appear to be a problem with this alloy. Arc cast W-Re-Mo, which
had better as-welded ductility (EB welds only) than the powder metallurgy sheet,
decreased in ductility on annealing to about the same final level as annealed
powder metallurgy welds. Hence, these two materials merely seemed to
normalize through the thermal stability study as discussed later. Annealing
naturally has a detrimental effect on wrought base metal as indicated for the

W-Re-Mo alloy annealed at 2800°F.




18,767B 75X

18,770D 75X

FIGURE 16 - Center Areas of GTA Welds in W-25Re-30Mo Sheet Showing
Effect of Pickling Solution Used for Joint Preparation. Top:
Prepared Using 30 Lactic-3HNO_-1HF (Vol. Ratio). Bottom:
Prepared Using 9HF-1 HNQ3 (Vo?. Ratio).

a7




19,006 Weld ~ HAZ

Powder Metallurgy W-25Re-30Mo

19,661 Weld - HAZ 400X
Arc Cast W-25Re-30Mo

FIGURE 17 - C-:omparison of Typical Porosity Levels in GTA Welds
in PM and AC W-25Re-30Mo Alloy Sheet
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® Pickling solution selection proved to have a significant influence on the
occurrence of porosity in the W-25Re~-30Mo dlloy., The developer of this

alloy recommended using a volume ratio solution of 30 lactic-3 HNOg - 1 HF,

This was compared with the ‘;7HF-1HNO3 solution which was used satisfactorily

for preparing the other two alloys. Specimens pickled with both solutions were
degassed in vacuum (10_5 torr) at 2000°F prior to welding as was the practice
throughout this program for all weld blanks. The results of this investigation are
shown in Figure 16. The recommended solution is clearly preferred for the W-25Re~
30Mo alloy to avoid weld porosity even though the 9HF-1 HNO3 solution was

satisfactory for the other materials.

Another factor resolved in this evaluation is the comparative tendency of powder
metallurgy alloy vs. arc cast alloy welds to contain porosity. Typical results in

this respect are shown in Figure 17. Powder metallurgy W-25Re-30Mo consistently
displayed a greater tendency towards weld porosity than did the arc cast material.
The reason for this could not be determined but the trend agrees with that observed
in the preliminary survey for this program leading to the selection of arc cast rather
than powder metallurgy tungsten for evaluation. The slight porosity tendency of
welde in nowder metalluray oroducts probably results from the vaporization of minor
solid impurities during welding. No correlation between weld ductility and porosity
was demonstrated. Several welds in W-25Re~-30Mo were produced with high porosity

and bend tested without any apparent increase in fransition temperature.

HOT TEARING

Hot tearing, quite often catastrophic in extent, occurred in gas-tungsten-arc welds
in the AC W=-25Re and the AC W-Re-Mo alloy with sufficient regularity to warrant closer
examination in an effort to identify the causes. The problem was serious enough in the AC
ternary alloy that full-scale evaluation of GTA welds was not possible due to a lack of

sound weld metal.




Hot tearing is not peculiar to welds; rather it is a problem common to many aspects of
metallurgical processing. Although a precise definition of the obtaining mechanisms has
proven elusive, a definite relationship has been established between the occurrence of hot
tearing and the existence of a liquid phase at temperatures well below the solidus tempera-
ture of the dlloy. This situation is often predictable based on the equilibrium diagrom(e)o
The inability of the liquid phase to accommodate strains induced by solidification and
subsequent shrinkage results in parting at the liquid film region. At first appearance it
might be expected EB welds would be more subject to this problem than GTA welds due to
their high cooling rates. However, the instantaneous volume of liquid present and magnitude

of thermal straining is quite small for EB welds and this apparently mitigates the tendency for

hot tearing.

It was previously noted that a high degree of constitutional segregation and subsequent
depression of the freezing point in weldments is expected in the W-Re system (Figure 1),
This could play tvo possible roles in the hot tearing noted in W=Re binary alloy welds,
Should the cooling rate be sufficiently great, the Re-rich phase, i.e., the last constituent
to solidify, could serve to fulfill the liquid film requirements outlined above and induce hot
tearing. A more subtle role, also related to the existence of a Re-rich phase, stems from the
high offinity which Re exhibits for oxygen, Although easily formed, RepO5 is unstable,
melting at 565°F and boiling ot 685°F, and is believed to be responsible for the hot shortness

which prevents elevated temperature working of Re in air(9).

The low-level of oxygen in the binary W-Re (Table 3) and the ultra-clean welding
procedures followed seem to obviate consideration of the latter mechanism as being
responsible for the observed hot tearing. However, this mechanism seems quite feasible
as an explanation for the anomalous bend test results noted for tests in air at temperatures

above ~600°F. The use of an inert (argon) shield gas eliminated this erratic behavior,
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As opposed to the binary alloy the hot tearing of GTA welds in the AC W-Re-Mo
alloy was totally unexpected. First, the amount of constitutional segregation expected
in this alloy is not nearly so great as that expected for the binary W-Re alloy. Hence, the
possibility of a depressed-melting~point liquid film of a critical stage in the solidification
is not as likely, Second, GTA welds of the PM W-Re~Mo alloy were accomplished without

a single incident of hot tearing.

In an effort to identify the cause(s) for this dual behavior a complete review was made
of the processing histories and the chemical analyses of the AC and PM sheets. This review
indicated differences in oxygen content (Table 3) for the two products might be responsible
for the erratic weldability of the AC sheet. The mechanism would be similar to that which
has been observed in welding molybdenum, It has been reporfed(lo) and verified(] N that
oxygen contents of only 100 ppm (by wt.) in molybdenum have been sufficient to consistently
lead to hot tearing during welding. This is related to the presence of a continuous film of
Mo-MoQO9 eutectic (melting point ~3800°F) at the grain boundaries for oxygen concentra-
tions of 100 ppm or more. Fractographic sfudies(]z) indicate the transition from discrete
oxide particles to a continuous grain boundary film may occur for oxygen levels as low as
only 10 to 50 ppm. Accumulation of critical oxygen concentrations could conceivably

result from partitioning effects between the solid and liquid phases during solidification,

Evidence which tends to confirm that this mechanism is responsible for hot tearing of
GTA welds in the AC W-Re-Mo sheet was obtained by inducing similar behavior in GTA
welds in the PM sheet, Hot tearing had not been noted in the PM product yet severe hot
tearing was induced in a series of test welds made in oxygen-contaminated welding
atmospheres. Photographs of two of these welds are shown in Figure 18, Immediately below
each weld is a positive print of an x-ray negative of the same weld. The threshold for the
hot tearing occurred at approximately 500 ppm oxygen in the welding atmosphere. Attempts
to more accurately define this behavior by chemical analyses for oxygen pickup in the weld

metal met with limited success.
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500 ppm Oxygen in Weld Atmosphere

1800 ppm Oxygen in Weld Atmosphere

FIGURE 18 - GTA Welds in PM W-25Re-30Mo Sheet. Weld
Atmospheres Contaminated with Oxygen as Indicated

( Photographs Approx. 1X ; X-Rays Approx. 0.55X)
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Although the oxygen effect hypothesis for this experiment was based on the effect
of oxygen on hot tear sensitivity in molybdenum, the extension to alloys containing
tungsten and rhenium seems reasonable due to their similarity in chemical behavior to

molybdenum, particularly with respect to interstitial elements.

THERMAL STABILITY

The objective of the 1000 hour aging runs was to determine the effects of long time-
high temperature exposures on the ductility of the ternary W-Re-Mo alloy. Base metal, EB
and GTA welds of the PM sheet were aged while for the AC sheet only base metal and EB
welds were used. All welds used in the aging study were made using the parameters found
previously to give welds having optimum ductility. In addition, wherever material availability
permitted, additional specimens were first aged and subsequently welded, again using

optimized weld parameters.

For single phase alloys, such as the ternary W-Re-Mo alloys evaluated, the effects of
long time exposures at elevated temperatures are mainly those associated with primary grain
growth. In tungsten-base alloys this results in loss of ductility. The proximity of the alloy
to the alpha-sigma phase boundary (Figure 3) suggests the possibility of an embrittling reaction
due to localized precipitation of sigma phase during aging. To allow for this possibility
three sets of specimens were aged at 2800°F. One set was tested as aged while the other sets
were given 1 hour post-age anneals at 3200°F and 3400°F to dissolve any sigma-phase that

may have formed.

Bend test results pertinent to these efforts are summarized in Table 7. Data for as-
received PM and AC sheet and PM sheet annealed 1 hour at 2800°F are included to provide
information regarding changes in ductility not related to welding. The transition tempera-
ture for longitudinal (L) and transverse (T) test specimens are indicated as well as the average

of these two values.
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Ductility of the base metal specimens decreased with increasing thermal exposure.
This was true for both the AC and the PM sheet over the full range of conditions evaluated.
Metallographic examination was performed in an effort to determine the cause for this behavior.

The results, shown in Figure 19 (dashed lines) as recrystallized grain size as a function of

temperature, indicate grain growth as the mechanism most likely responsible for the loss

of ductility. Special attention should be directed toward the results found for the PM
product. This alloy exhibited both normal and secondary grain growth for all aging
temperatures and hence two curves are shown for these specimens. The volume of the
specimen affected by secondary recrystallization (i.e., abnormal grain growth) increased

with aging temperature such that after 1000 hours at 3000°F only quite small areas remained
unaffected. To provide additional information regarding this phenomenon a series of 1 hour
anneals at 200°F intervals from 2200 to 3600°F were given base metal specimens of the PM
W-Re-Mo alloy. Specimens of the AC W-Re-Mo alloy and the AC W-25Re alloy were
similarly annealed to provide direct comparisons of thermal response. These results are also
included in Figure 19 (solid lines) where the AC binary and ternary alloys are seen to observe
normal grain growth behavior, i.e., although the average grain size increases the distribution
of grain sizes remains nearly constant throughout the process. Again, secondary recrystalliza-

tion was noted for the PM W-Re-Mo specimen annealed 1 hour at 3600°F (Figure 20).

Thermal exposure had no discernible effect on the bend ductility of EB and GTA welds
in the PM sheet or on the ductility of EB welds in the AC sheet. This was found to be true
for welds made by either sequence, weld-age or age-weld. In view of the complexity of
responses possible for the variety of conditions employed it is evident that the data lends

itself best to a rationale developed strictly on the basis of grain size.

The bend transition temperatures leveled off with increased thermal exposure. This
suggests a lower limit of ductility is being approached for the W-Re-Mo alloy. Fractures
in aged PM and AC specimens were invariably intergranular. Probably the greatest con-
stitutional segregation coupled with minimum transverse grain boundary length, occurs at the
weld centerline. These factors probably combine resulting in high transverse transition

temperatures, since transverse specimens almost always failed along the weld centerline

grain boundaries.
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FIGURE 20 - Microstructure of Powder Metallurgy W-25Re-30Mo Sheet Following

the Indicated 1 Hr, Anneals. Note the Abnormal Grain Growth after
1 Hr.-3600°F Anneal.
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V. CONCLUSIONS

1) The weldability of unalloyed tungsten is marginal because of its high ductile-to-
brittle transition temperature in the welded or recrystallized condition. The high melting
point and low ductility in combination make tungsten susceptible to failure by thermal
shock during welding. Hence, weldability is enhanced by high weld preheat. It is not
apparent that use of arc cast tungsten is advantageous over powder metallurgy tungsten except
for absence of porosity in welds. Post weld annealing was not particularly beneficial in

improving ductility.

2) The weldability of W-25Re is improved over that of unalloyed tungsten because
of slightly better as-welded and recrystallized ductility. Improved ductility coupled with
a lower melting point makes this alloy less susceptible to thermal shock failures. However,

the W-Re phase relationships are such that this alloy exhibits a tendency toward hot tearing.

Preheat in welding was not beneficial in improving as-welded ductility but permitted

welding at higher welding speeds and, hence, essentially improved weldability.

A stress relief post weld anneal (2560°F) was beneficial for EB welds. This implied
high residual stress in EB welded W-25Re tends to correlate with the thermal shock behavior
observed for W EB welds. GTA welds were not improved by stress relief, but instead
required a solution anneal (3270°F) implying that sigma phase develops at grain boundaries
during GTA welding. In this respect EB welding was advantageous since embrittlement by
the sigma phase and hot tearing were observed only in GTA welds. Both the development of
sigma phase and hot tearing result from constitutional segregation on freezing which is

apparently more pronounced in GTA welds.
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3) The W-25Re~30Mo alloy displayed generally excellent weldability except for an
extreme sensitivity to oxygen contamination which causes hot tearing. Undesirable levels
of oxygen contamination occur at a very low level in the base metal making detection
difficult. Welding atmospheres, however, can be easily controlled if properly monitored

to eliminate welding as a potential source of contamination.

A post weld stress relief was beneficial in improving the ductility of welds in this
alloy. Otherwise, all thermal treatments to which this material was exposed tended to
normalize ductility to that of a large grain size recrystallized structure. This trend persisted

even through 1000 hour anneals at temperatures to 3000°F.

On aging this alloy tends to behave quite simplyas a solid solution system. However,

the powder metallurgy material exhibited secondary recrystallization, a metal-
lurgical instability perhaps brought on by the dissolution of finely dispersed impurity

precipitates.

4) In several checks made in this program welds in powder metallurgy product always

contained porosity whereas arc cast material produced porosity-free welds.

49




10.

1.

12,

V. REFERENCES

Lessman, G. G., Weldability of Refractory Metal Alloys, Part ]
of Determination of Weldability and Elevated Temperature
Stability of Refractory Metal Alloys, NASA CR-1607, 1970.

Raffo, P.L., "Yielding and Fracture in Tungsten and Tungsten-Rhenium Alloys",
NASA TN D-4567, May, 1968.

English, J.J., "Binary and Ternary Phase Diagrams of Columbium, Molybdenum,
Tantalum, and Tungsten", DMIC Report 152, April 28, 1961.

Progress Reports, General Electric Co., Nuclear Systems Programs, Cincinnati,

Ohio, Contract AT(40-1)-2847.

Klopp, W.D., "Review of Ductilizing of Group VIA Elements by Rhenium and
Other Solutes", NASA TN D-4955, December, 1968.

Stephens, J. R., "Effects of Interstitial Impurities on the Low-Temperature Tensile
Properties of Tungsten", NASA TN D-2287, June, 1964.

Stoner, D.R. and Lessmann, G.G., "Measurement and Control of Weld Chamber
Atmospheres", Welding Journal, 44(8), Research Suppl., pp. 337-$ to 346-S,
1965.

Pellini, W.S., "Strain Theory of Hot Tearing", Foundry, 80, November, 1952.

Sims, C.T., "Properties of Rhenium", pp. 23-35 in Rhenium (edited by B.W.
Gonser), Elsevier (1962).

Perry, T., Spacil, H.S. and Wulff, J., "The Effect of Oxygen on Welding and
Brazing Molybdenum", Welding Journal, 33(9), Research Suppl., pp. 442-$ to
448-S (1954).

Platte, W.N., "Welding of Molybdenum", Chapter 8 in The Metal Molybdenum,
ASM (1958).

Mallett, M.\W. and Hansen, W.R., "Determination of Gases in Molybdenum",
Chapter 16 in The Metal Molybdenum, ASM (1958).

50




Figure No.

APPENDIX - PROGRAM DATA COMPILATION

Table No.

Al

A2

A3

A4

A6

A7

A8
A9

A10

Al

A12

A13

Al

Title
Unalloyed Arc Cast Tungsten, GTA Weld Record

Bend Test Results on Base Metal and GTA Welds in
Unalloyed Arc Cast Tungsten Sheet

Bend Test Results on GTA Welds in Unalloyed Arc
Cast Tungsten Sheet

Unalloyed Arc Cast Tungsten Sheet, EB Weld Record

Bend Test Results on EB Welds in Unalloyed Arc Cast
Tungsten Sheet

Bend Test Results for As-Received Arc Cast W-25Re Sheet

Arc Cast W-25Re Sheet, GTA Weld Record

Bend Test Results on GTA Weld;c. in W-25Re Sheet
Bend Test Results on GTA Welds in W-25Re Sheet
Bend Test Results on GTA Welds in W-25Re Sheet
Arc Cast W-25Re Sheet, EB Weld Record

Bend Test Results on EB Welds in W-25Re Sheet
Bend Test Results on EB Welds in W-25Re Sheet

Bend Test Results on EB Welds in Wo-25Re Sheet. Welds
Post Weld Annealed 1 Hour- 2560 F

Bend Test Results on EB Welds in W625Re Sheet. Welds
Post Weld Annealed 1 Hour- 2560 F

Microstructure of As-Received Powder Metallurgy
W-25Re~30Mo Sheet

Bend Test Results on As-Received Powder Metallurgy
"W-25Re~-30Mo Sheet

51

Page No.

55

56

57

58

60
61
62
63
64
65
66
67

68

69

70

71



APPENDIX - PROGRAM DATA COMPILATION (Continued)

Figure No. Table No. Title Page No,
-- A5 Powder Metallurgy W-25Re-30Mo Sheet, GTA Weld Record 72
Al4 -- Bend Test Results on GTA Welds in Powder Metallurgy 73
W-25Re-30Mo Sheet

A15 -- Bend Test Results on GTA Welds in Powder Metallurgy 74
W-25Re~30Mo Sheet

-- Aé Powder Metallurgy W-25Re-30Mo Sheet, EB Weld Record 75

Al6 -- Bend Test Results on EB Welds in Powder Metallurgy 76
W-25Re-30Mo Sheet

Al7 -- Bend Test Results on EB Welds in Powder Metallurgy 77
W-25Re-30Mo Sheet

A18 -- Bend Test Results on EB Welds in Powder Metallurgy 78
W-25Re-30Mo Sheet

Al19 -- Bend Test Results on EB Welds in Powder Metallurgy 79
W-25Re-30Mo Sheet

A20 - Typical Microstructures of EB Welds in Powder Metallurgy 80
W-25Re-30Mo Sheet

A21 - Bend Test Results on Powder Metallurgy W-25Re-30Mo 81
Sheet Following 1 Hour-2800°F Anneal

A22 -- Bend Test Results on GTA Welds in Powder Metallurgy 82
W-25Re-30Mo Sheet Following the Indicated Post Weld
Anneals

A23 -- Bend Test Results on EB Welds in Powder Metallurgy 83
W-25Re-30Mo Sheet Following the Indicated Post Weld
Anneals

A24 -- Microstructure of Base Metal Areas of EB Welds in Powder 84

Metd lurgy W-25Re-30Mo Sheet Following the Indicated
Post Weld Anneals

52



Figure No.

APPENDIX - PROGRAM DATA COMPILATION (Continued)

Table No.

A25

A26

A27

A28

A29

A30

A31

A32

A33

A34

A35

Title Page No.

Bend Test Results on Base Metal Specimens of Powder
Metallurgy W-25Re-30Mo Sheet Following the Indicated
Aging Treatments

Bend Test Results on GTA Welds in Powder Metallurgy
W-25Re~-30Mo Sheet Following the Indicated Aging

Treatments

Bend Test Results on GTA Welds in Powder Metallurgy
W-25Re-30Mo Sheet Following the Indicated Aging
Treatments

Bend Test Results on EB Welds in Powder Metallurgy
W-25Re-30Mo Sheet Following the Indicated Aging
Treatments

Bend Test Results on EB Weld in Powder Metallurgy

W-25Re-30Mo Sheet Following the Indicated Aging
Treatment

Microstructure of As-Received Arc Cast W-25Re-30Mo
Sheet

Bend Test Results on As-Received Arc Cast W-25Re-30Mo
Sheet

Arc Cast W-25Re-30Mo Sheet, GTA Weid Record

Bend Test Results on GTA Welds in Arc Cast W-25Re-30Mo
Sheet

Microstructure of GTA Weld 4 in Arc Cast W-25Re-30Mo
Sheet

Arc Cast W-25Re-30Mo Sheet, EB Weld Record

Bend Test Results on EB Welds in Arc Cast W-25Re-30Mo
Sheet

Microstructures of EB Welds 1 and 2 in Arc Cast W-25Re-
30Mo Sheet

53

85

86

87

88

89

90

91

e
[AV]

94

95

96

97



APPENDIX - PROGRAM DATA COMPILATION (Continued)

Figure No, Table No. Title Page No.

A36 - Microstructures of EB Welds 3 and 4 in Arc Cast W-25Re- 98
30Mo Sheet

A37 -- Bend Test Results on EB Welds in Arc Cast W-25Re-30Mo 99
Sheet Following Indicated Post Weld Anneals

A38 - Microstructures of Base Metal Areas of EB Welds in Arc 100
Cast W-25Re-30Mo Sheet Following Indicated Post Weld
Anneals

A39 -- Bend Test Results on Base Metal Specimens of Arc Cast 101
W-25Re~30Mo Sheet Following the Indicated Aging
Treatments

A40 - Bend Test Results onEB Welds in Arc Cast W-25Re-30Mo 102
Sheet Following the Indicated Aging Treatments

A4 - Bend Test Results on EB Welds in Arc Cast W-25Re-30Mo 103

Sheet Following the Indicated Aging Treatments

54




plam aypjd uo poaq - 4OF
p|a™ Hnq uoisny - ng

(1)

“yuaund ybiy o4 anp
- pua 1o3u pjam yBnoiy ajoy 00°'8 §61°0/0£1°0 0oviL 001 0¢ 8/t dog] #l
“juauno ybry oy anp
405 103U plam ybnoiyy 3joy 09°8 0/1°0/081°0 0or1 Sl o€ 8/¢ d04] €l
oLL'o o
PISM PO0D €201 001°0/0¥1°0 oo¥! St Gi 8/¢ dog| <l
oLL'o o v
PI3M PooS 8z'LL 050°0/0E1°0 oorlL 0c A 8/t dog} Ll
(ZWH '® P|aam ) »2p4d "suby
+ Y3013 194012 pajobodosy SyL 001°0/5€1°0 === 0ci o€ 8/¢ Hngl Ol
(ZVH 8 Plam PPo043 *supby
+ 2013 134013 pajobodosy G6'L 0£1°0/081°0 0ss GEu 0€ 8/t Hngl 6
PI2M POCO 00°01 §60°0/0€1°0 0s¢s iy . St 8/t dog| 8
PI3M PooS GL0l siL'o/orL’o === 85 . Gl 8/¢ do9| £
PI®M Poo9 AN A 061°0/00Z°0 06S v8. Gl 8/¢ d0d} @9
ZVH pue
Plam 42043 8513A5UDY BUQ 0611 0G51°0/04L°0 s=== 9L Sl 8/¢ Hngl ¢
PI3M POoS S¥9lL 050°0/S11°0 0ss el S’ 8/t dogl ¢
Buo) ,z/1-1 “Pp1> BulpIBULY 29°61 0+0°0/001°0 m== SlL! 'L 8/€ Hng| €
PI2M POoS gLee S/1°0/061°0 0ss £91 S 8/t 408} ¢
Pi®M PO°S orie or1'0/091°0 m=-- GGl SL 8/t Hngl
uotyoadsu| ( you! (sayou1) Eov (sdw >) (wd1) ("uy) (1) ‘oN
31ydoiBolpoy pub jubijauay /sajnoly ) wopog/do] | 4oay-3iq | suenny | paadg | Buroodg fadA) | pram
a9k '|oNsIA - sjuswwony 4nduj joay WPIM PIPM dwo|H

Pi0d3y PIaM YLD “ualsbuny 4503 2uy pakojjoun - v 378vL

55
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FIGURE Al - Bend Test Results on Base Metal and GTA Welds in
Unalloyed Arc Cast Tungsten Sheet. ( 4t Bend Radius)
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FIGURE A3 - Bend Test Results on EB Welds in Unalloyed Arc Cast
Tungsten Sheet. ( 4t Bend Radius )
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FIGURE A4 - Bend Test Results for As-Received Arc Cast
W-25Re Sheet. ( 4t Bend Radius )

60




p|asm aipid uo poaq - 4O4g

pPlam NG uoisny - Hng :v

PI3M PooO e §50°0/5L1°0 0ov1L oel 194 8/¢ 408 | 8l
PIeM POoS 8Lt 050°0/S1LL°0 L) 41 S0l 3 8/¢ 408 | </l
PIdaM PooD 4504 S£1°0/0€1°0 oovi VA o€ 8/t 408} 91
*$32015 360AD3|D ||owg “Buo)
ul | i3 auliajusy a9 0£1°0/551°0 | oovl ) 9 8/c | 409| Sl
PI8M PO°D 09°0¢ 0Z1°0/051°0 0s§ 06 £ 8/t 409 <t
PISM PooD ogce 0LL°0/051°0 ---- Gé £ 8/¢ 408 It
ZVH pup pjam ybnoiy
$420.2 3519AsUDI} N0 00°S oLLo/sezLo 0ss A4 0¢ 8/€ 401} 0l
ZWvH Pup p|am yBnoayy
$I040 3519ASUDY 3AL4 8¢9 091°0/081°0 oSy S8l 0]3 8/¢ Hogl 6
ZvH Pup pjam ybnouyy
$AORID SIBASUDYY X| G €6'9 091°0/581°0 -=-- ¥0c o€ 8/t Hngl 8
PI3M PO°S €69 §£0°0/021°0 === 201 Gl 8/t Heg | £
PI3M POOD 06'8 051°0/04L°0 osv el Gl 8/t Hrgt 9
ZVH Pup p|am ybBnoayy
$12R40 3siBASUDY 33iy| 44 091°0/081°0 - 6el Sl 8/t Hrg| G
PIPM PO TN 650°0/011°0 0SS €8 A 8/ Hgl v
PISM POOS 09°¢l oL1°0/051°0 === 00l SL 8/t Hng| €
Buo| saydul ¢
2012 p|am 3ui|i3juar €8yl 0£1°0/081°0 osy 601 §'L 8/¢ Hog | ¢
Pta3M Poo S¥ol 051°0/0£1°0 === el S/ 8/t Hng oL
uoiyoadsu| ( yout ?o;ucc Eov A&EUV AEm_v (ru) () *ON
21ydoJiBolppy pupb jubiyauay /so|noly) woyyog/doy | 4paH-al4 | 4usunZ, paadg Butondg | ad4) | plam
34 ‘|pnsIA - spuswwor) 4ndu| joay YIPIM PIPM dwpo|y

P1023Y P[ap V1O ‘433YS YGZ-M 50D My - €V 118Vl

61




BEND ANGLE, DEGREES
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FIGURE A5 - Bend Test Results on GTA Welds in W-25Re Sheet.
( 4t Bend Radius )
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BEND ANGLE, DEGREES
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FIGURE Aé - Bend Test Results on GTA Welds in W-25Re Sheet.

( 4t Bend Radius )
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FIGURE A8 - Bend Test Results on EB Welds in W-25Re Sheet. ( 4t Bend Radius )
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BEND ANGLE, DEGREES
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FIGURE A9 - Bend Test Results on EB Welds in W-25Re Sheet. ( 4t Bend Radius )
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BEND ANGLE, DEGREES
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FIGURE A10 - Bend Test Results on EB \g/elds in W-25Re Sheet. Welds Post Weld
Annealed 1 Hour - 2560 F. ( 4t Bend Radius )

68



100 - 100
1 2560°F ANNEAL B I
o o
80 |— } /,@ 80 | |
RANS.
TDBTT | / I TRANS.
s L 600°F / 60 L |DBT0T
o 600°F o~
/ 2560°F 7
ANNEAL
40 40
//AS WELDED ,/
& /. AS WELDED
20 |- 20 |
WELD NO. 14 WELD NO. 15
0 I N SR B 0 L ® 1 1 |
0 200 400 600 800 1000 0 200 400 600 800 1000
100 - 625«50°F ANNEAL 100 |
i |
w2 go |- TRANS. I / 80 |- WELD NO. 17
& DBTT /
w 600°F /
o 60 60 | .
3 / TRANS. DBTT>1000°F
z
< 40 / AS WELDED 40 - AS WELDED _ ~@
Z ® @/’
(Vo]
@ p— b
20 WELD NO. 16 20 2560°F ANNEALD
0 T R S o I N N N
0 200 400 600 800 1000 0 200 400 600 800 1000
TRANS. DBTT O /
80 6007F | /
I/
60 |- /
2560°F /
| ANNEAL AS WELDED
40 /
3]
20 WELD NO. 18
0 L ®
0 200 400 600 800 1000
TEST TEMPERATURE, °F 604596 A

FIGURE A11 - Bend Test Results on EB V(\)/elds in W-25Re Sheet. Welds Post Weld
Annealed 1 Hour - 2560 F, ( 4t Bend Radius )

69




18,534 Longitudinal 100 X

18,535 Transverse 100 X

FIGURE A12 - Microstructure of As-Received Powder Metallurgy
W-25Re-30Mo Sheet; Stress-Relieved 1/2 Hr-2100"F
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FIGURE A20 - Typical Microstructures of EB Welds in Powder Metallurgy

W-25Re-30Mo Sheet. ( 75X )
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FIGURE A21 - Bend Test Results on Powder Iv(\)erallurgy W-25Re-30Mo
Sheet Following 1 Hour-2800"F Anneal. ( 4t Bend Radius )

81



( snipoy pusg 4y ) "Gy 2|91
ui G "oON PIPM Y15 40§ sp suwibg Ajojowixoiddy sp|ap |V 104 Pasn
Sl9}awniog v_m>> .m_cmcc< _u_®>> 4504 pa4pdipu| 0:.- mc_>>o__0n_ ._mor_m

OWOE-3YGZ-M ABIN||DIdW 19pMOJ UL SP[IM YLD UO S4[NS3Y 53] pusg - Z2V INOIA

“_o ‘ainjoiadwa] s3] |
009+ 005+ 00v+ 0S¥+ 0SE+ 0sZ+ 056+ 0Sv+ 0se+
r I I 0 I _ ® Lw 0 r I I 0
00V + D .
............. @ -0¢ 4 —0? e § -0z
e o o
SZre 0%+ S oo+ 4 0oy+  oov+ | 3 0%
o) oy + 0SZ+ oy 4,066+ V4 >
4,52v+ lgawer) @
0%+ °Li8a —]09 7109 =09 ao
4,008+ ‘Buoq o o8 1 m_m_vmmwnw_. + 08 8
*supJ - = = o
118g el | | || 4 05e+ 1180 _ | 2
_ _ _‘g _ *supbi| g ‘Buoq _h |
Q_ 0._ — o0l QIlOllQ_ — 001 O.Q_ IIO_ — o0t
JH L-4,00CE “H 1-4,0082 H L-4,0092
|oaUUY PO 4594 [pauUUY Pl 4504 |[DaUUY P|OAA 4504
6L V19 8L V15 L V1O



('snipoy pusg iy ) "9y 8|9PL Ul ¥ "ON P|9M 83 10} D SP|IM
|1V 10§ Pasn $18JaWDIDY Pap) *S|PUUY PIIA 4504 Pajp21pu| ay4 Euimoljog
1334s OWOE-3YGZ-M ABIn||Djayy 13pMOY U} SP|aM g3 UO Si|nsay 439) puag - €2y NI

_o !’ aunjosadway ys9)
oS+ oS+ 0SZ+ oS+
' I e ! P
0St+
0Sl+
o
i L]
+ -
4,00+ "_omNNm + ihmi%
1190 E_Eh 1144 cﬂ._ 002+
_ |
0 o ~
1 30026 * 1osuuy prbm-1s04 ¥1 g3
3’ anyuadwa) ys9)
oSkt QGf+ 0sZ+ 0SL+ oSy + 0S¢§ + 0SZ+ 051+
o _ @ ! T 0 T _ _
0SE+ 0S¢ S/TH ;
— 0z poooesefpessnd o
) 6 WN—.? +
@ ST+ —or (] —
+ oo _
45007+ . 351+ 1138 0541 +
118Q ‘"suoi) ligg ‘buoy _J 119Q "duo] —_
| 0SZ + 4 08 | _
| ] | ] |

“H L 40082 ! |pouuy _o_o\sLLA_ €l 93

_ |
“H 1 4,0CKZ ‘ |oduuY PI3M-iod - ZL 83

001

se9.6aq ‘9ibuy puag

83




19,756 EB Weld 13 100X
1 Hr. -2800°F PWA

19,757 EB Weld 14 100X
1 Hr. -3200°F PWA

FIGURE A24 - Microstructure of Base Metal Areas of EB Welds in
Powder Metallurgy W-25Re-30Mo Sheet Following
the Indicated Post Weld Anneals.
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FIGURE A29 - Bend Test Results on EB Weld in Powder Metallurgy
W-25Re-30Mo Sheet Following the Indicated Aging
Treatment. ( 4t Bend Radius )
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FIGURE A30 - Microstructure of As-Received Arc Cast W-25Re~30Mo Sheet
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FIGURE A31 - Bend Test Results on As-Received Arc Cast
W-25Re-30Mo Sheet. ( 4t Bend Radius )

91




'9}p|d-U0-pD3ag 8I9M SP|aM ||y

‘Buionds dwo|o your g /g Buisn apow sp|am ||y

"19juad p|am
umop Bulioay joy 31aA3g 008 G80°0/611°0 06y 0L Gl 9
"194udd plam
umop Buiioa} oy siaA3g 008 G80°0/SLL°0 06y 0L Gl S
PIPM POOD 008 soL°0/0¥L 0 8L'€ GOl o€ 14
*§1D4S IDBU JBJUID P|SM UMOP
Buoj| yau! /g 4noqo 103} oY 008 SLLo/0rL°0 (STARE 174 Gl €
‘pjam ybnoayy
9s19AsUDIY o010 3bpADS|D auopN 660°0/0€1°0 96°€ 01l 0t z
"3ul|lajued
P|am umop Buiipay joy 219A9g auoN L60°0/0€1°0 9L°G 08 Gl L
Sjuswwo?) Eov (ut)woyjog /doy (ut /sa|nol y) (sdwo) (wdr) "ON
joap-a.4 YIPIM PIRM indu| yoay juauny paadg PI9M

P1023y PI3M V1D ‘423YS OWOE-3YGZ-M 459D 2y - Ly 3719V

92




('snipoy puag iy )
"$334g OWQE-YGZ-M 450D Oy Ul SP|SM 1D UO Si[nsay 4s3] puag - ZEY JNDIS

4, %unjouadwa) 4s9)

EN ‘unyouadwa) 4sa)

4,05€+
E.mn_ ‘suoly

¥ 'ONdI3M V1O

ool

seaiBa(g ‘a|buy puag

005+ 00¥+ 00€+ 00Z+
r I
—10Z
0¥
109
ds 05C+
118Q°'6u) — —08
|
QIO_ (1]
S 'ON Q1IM V1O
006+ 00¥+ 00€+ 002+
P | _ 32 |
.00.) —10C
4,006+ 4,052+
+ —or
4,06¥+ . 09
1180 "suny) 3,008+
_ 08
_ 4 o~m.+
U
n_u 119G 4] o1

€ 'ON QI13M VIO

se0.63q ‘9)Buy puag

sea16a( ‘9|buy puag

93




19,661 Weld Center 100X

19,661 W-HAZ 100X

Interface

FIGURE A33 - Microstructure of GTA Weld 4 in Arc Cast
W-25Re-30Mo Sheet
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19,664 EB Weld 2 100X

FIGURE A35 - Microstructures of EB Welds 1 and 2 in Arc Cast
W-25Re-30Mo Sheet




a

19,666 EB Weld 4 100X

FIGURE A36 - Microstructures of EB Welds 3 and 4 in
Arc Cast W-25Re-30Mo Sheet
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19,760 EB Weld 6 100X
1 Hr. -2800°F PWA

§ i i
e ( ] :
o / ) ¢
‘ { ! p 7N
" ,»; N
/ §

19,761 EB Weld 7 100X
1 Hr. -3200°F PWA

FIGURE A38 - Microstructures of Base Metal Areas of EB Welds in
Arc Cast W-25Re-30Mo Sheet Following Indicated
Post Weld Anneals. ( Twins in EB Weld 7 are from
Bend Testing after Annealing .)
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